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Abstract. A new scenario of substorm growth phase, onset and dipolarization
during expansion phase and the corresponding physical processes are presented. During
the growth phase, as a result of enhanced plasma convection, the plasma pressure and
its gradient are continued to be enhanced over the quiet-time values in the plasma sheet.
Toward the late growth phase, a strong cross-tail current sheet is formed in the near-
Earth plasma sheet region, where a local magnetic well is formed, the plasma beta can
reach a local maximum with value larger than 50 and the cross-tail current density can be
enhanced to over 10nA /m? as obtained from 3D quasi-static magnetospheric equilibrium
solutions for the growth phase. The most unstable kinetic ballooning instabilities (KBI)
are expected to be located in the tailward side of the strong cross-tail current sheet region.
The field lines in the most unstable KBI region map to the transition region between the
region-1 and region-2 currents in the ionosphere, which is consistent with the observed
initial brightening location of the breakup arc in the intense proton precipitation region.
The KBI explains the AMPTE/CCE observations that a low frequency instability with a
wave period of 50 — 75 seconds is excited about 2-3 minutes prior to substorm onset and
grows exponentially to a large amplitude at the onset of current disruption (or current
reduction). At the current disruption onset higher frequency instabilities are excited so
that the plasma and electromagnetic field fluctuations form a strong turbulent state.
Plasma transport takes place due to the strong turbulence to relax the ambient plasma
pressure profile so that the plasma pressure and current density are reduced and the
ambient magnetic field intensity increases by more than a factor of 2 in the high-3.,

region and the field line geometry recovers from tail-like to dipole-like — dipolarization.



1. Introduction

Substorms are considered to be the most important dynamical process in regulating
the plasma and magnetic field energy in the magnetosphere (particularly in the plasma
sheet) and the ionosphere. The observations of substorm auroral and magnetospheric
processes clearly demonstrate that the entire substorm process involves a growth phase,
onset and breakup, expansion phase, and recovery phase [e.g., Akasofu, 1977]. During
the growth phase the polar cap region expands equatorward, the auroral oval shrinks in
width, convection enhances, and the magnetospheric magnetic field topology at the night
side becomes stretched. Immediately before the breakup, a discrete auroral arc (usually
the equatorward-most visible arc) brightens from within a 1° to 2° wide latitude region
of the intense proton emission near the poleward edge of the intense proton precipitation
[Samson et al., 1992a]. The onset of expansion phase is an extremely fast and apparently
local process characterized in the ionosphere by a localized brightening usually located
in the pre-midnight sector in the breakup arc and in the magnetosphere by a localized
turbulent disturbance in the near-Earth plasma sheet equatorial region. These significant
morphological changes occur on a time scale of tens of seconds or even less. The substorm
breakup in the expansion phase involves the development of the breakup arc into a vortex
structure, a poleward expansion of the vortex within the auroral oval which corresponds
to the spread of turbulent disturbance into a wider region in all directions in the equatorial
plane, the dipolarization of the magnetic field topology in the inner central plasma sheet
(CPS), the energization of CPS particles, and the magnetic signatures of the enhanced
ionospheric currents. In the expansion phase, the expanding vortex reaches the poleward
boundary of diffuse electron precipitation, which also expands poleward. The expansion
phase lasts minutes to tens of minutes, after which the system returns to a less disturbed
state during the recovery phase which lasts tens of minutes. It is to be emphasized that
the substorm energy release in the auroral electrojet is only a small portion of the total

substorm energy release. Most energy is released through changes in ring current, cross-



tail current, plasma sheet plasma and magnetic field, and perhaps plasmoid formation
and its tailward motion in the magnetosphere.

Not all substorm dynamical processes lead to a full expansion phase of auroral
arc breakup. Weaker substorms form an auroral vortex that does not expand as far
poleward as the polar cap boundary, and that is not accompanied by signatures of
lobe flux reconnection. However, these substorms begin with the intensification of a
discrete auroral arc, and lead to vortex formation. These substorms have been called
pseudo-breakups. Pseudo-breakups stall before lobe field lines are involved whereas full
breakups are followed by a full expansion phase. In this paper they are considered as
weak substorms [see, e.g., Mishin et al., 2000, and references therein)].

The entire substorm process can be considered phenomenologically as a dynamical
sequence of energy storage and release in the plasma sheet. Because the change of energy
in the ionosphere is much smaller than that in the plasma sheet during substorms, the
substorm auroral dynamics can be considered as the ionospheric signatures of the plasma
sheet dynamics. The growth phase is a period of enhanced energy storage in the plasma
sheet which can be considered as a magnetic container to store enhanced plasma particle
and energy. The stored plasma energy consists of the plasma pressure and its earthward
gradient. The magnetic energy of the plasma sheet also increases during the growth
phase due to the equatorward compression and tailward stretching of the magnetic field
lines so that a greater amount of plasma free energy can be stored in the magnetic
container. The plasmas are supplied by the solar wind through enhanced magnetic
merging and reconnection on the dayside. As the plasma free energy in the plasma
sheet increases above a critical level, which depends on the capacity of the magnetic
container, plasma instabilities are triggered and a plasma turbulence is excited in the
plasma sheet at the substorm onset. During the expansion phase, the turbulence spreads
in the plasma sheet and redistributes and energizes the plasmas, and some plasmas are

eventually transported out of the plasma sheet into ionosphere, inner magnetosphere



and even down the magnetotail tail. The plasma turbulence and transport processes
then relax the plasma pressure profile to reduce the free energy that excites the plasma
instabilities, cause the cross-tail current density to reduce and the magnetic field to
dipolarize in the central plasma sheet, which are related to the auroral breakup and
intensification, and enhanced ionospheric currents. After the turbulence level decreases,
the plasma sheet and the ionosphere recover to a less disturbed state during the recovery
phase. Other phenomenological views of substorms in terms of energy storage and release
with different proposals of energy storage and release processes have also been proposed
le.g., Rostoker et al., 1980; Rostoker, 1999].

As the substorm research progresses, one needs to understand the underlying physical
mechanisms of substorm processes. Thus, a satisfactory substorm model requires detailed
theories and calculations to explain the underlying physical processes such as how the
magnetospheric configuration and plasma distribution changes during the growth phase,
what instability causes the substorm onset and leads to plasma turbulence and auroral
breakup, and what causes the magnetic field to dipolarize in the plasma sheet, etc. The
models must subject to the observational constraints.

In this paper, we present theoretical models to address some of the key issues of
substorm observations: plasma pressure, current and magnetic field distributions in the
magnetosphere and corresponding features in the ionosphere during the growth phase,
features of substorm onset due to kinetic ballooning instability, and the mechanism of
dipolarization in the plasma sheet during the expansion phase. The theoretical models
for these processes are inter-related. The theoretical calculations are compared with
observations to verify the theoretical models. In the following we first review the relevant
observational features of substorms in both the magnetosphere and ionosphere. We
then present three-dimensional (3D) solutions of the magnetosphere that satisfy force
balance among plasma pressure, current and magnetic field with the effect of plasma

flow energy neglected. The ideal MHD and kinetic theories of ballooning instability are



then presented to describe the substorm onset process. Then, a theory of dipolarization
in the plasma sheet is presented. A discussion of the role of magnetic reconnection on

substorm is also presented. Finally, a summary and discussion is presented.

2. Review of Relevant Observational Features of Substorms

In this Section we review salient observational features of substorm dynamics in both
the magnetosphere and the ionosphere. These observations are extremely important in
constraining substorm theories and clarifying questions concerning the magnetosphere-
ionosphere coupling. However, the difficulties in observing substorm onset related
phenomena due to its extremely fast time scale and localized spatial scale are often
exacerbated by significantly disturbed background conditions that can obscure the real
commencement of auroral breakup and expansion phase activity. Liou et al. [1999, 2000]
compared different signatures of onset and concluded that the most robust substorm onset
timing indicator is the breakup arc brightening that typically overtakes other signatures of
the expansion phase commencement. Therefore, to reach a comprehensive understanding
of substorm dynamics it requires a comparison of auroral signatures with the plasma sheet

dynamics.

2.1. Substorm Growth Phase

The first stage of substorm dynamics is called the growth phase [McPherron, 1970]
and typically starts after the interplanetary magnetic field (IMF) turns southward. It
typically lasts about 0.5-1 hour with a significant amount of energy stored in the plasma
sheet. During the growth phase an increased cross-tail electric field enhances the plasma
convection toward the earth such that the plasma pressure (and thus its gradient)
increases and the cross-tail current intensifies in the near-Earth plasma sheet region.
Observations [Kistler et al., 1992] have shown that the pre-onset pressure increases

monotonically with decreasing radial distance, reaching 1.5 nPa at 10 Rg, 4 nPa at 7Rg,



and 10 nPa at 5Rg. In the meantime the open magnetic flux forms in the lobe region,
which expands equatorward with enhanced magnetic field intensity, pushes the plasma
sheet magnetic field equatorward, and causes them to stretch tailward leading to the
thinning of the plasma sheet and the formation of a “thin” and intensified cross-tail
current sheet in the near-Earth plasma sheet region (~ 6 — ~ 13 Rg) [e.g., Sergeev et al.,
1990, 1993b; Lui, 1993; Sanny et al., 1994]

The common ionospheric signatures of the growth phase include that the polar cap
region expands equatorward, the aurora emissions of both soft electrons with energy of
~ 100 eV (630 nm red line emissions) and energetic protons (486.1 nm Hpz emissions)
move equatorward and brighten, and the auroral oval shrinks in width. These features are
clearly shown in the ground based optical images between t1 and t2 as well as between t3
and t4 in plates (a) and (c) of Figure 1 [ Voronkov et al., 2003]. Usually, several brightening
spots are observed during the polar cap expansion. The poleward edge of the auroral
oval (or soft electron precipitation) defines the polar cap region, and corresponds to the
open-closed field line boundary [Samson et al., 1992b; Blanchard et al., 1997]. Thus, the
equatorward expansion of the polar cap corresponds to the equatorward expansion of
the lobe region. The equatorward movement and brightening of the electron and proton
aurora emissions correspond to the equatorward movement of the field aligned currents
and their intensification in the ionosphere. Typically the proton aurora forms a band
of ~ 2° latitude and overlaps with the equatorward part of the electron aurora, which
has a ~ 5° width in latitude. Prior to substorm onset, the latitudinal extent of the soft
electron precipitation region decreases to ~ 2° to 5°, which indicates significant stretching
of magnetic field lines in the magnetotail and thinning of the plasma sheet.

Another important ionospheric feature of the substorm growth phase is that prior
to substorm onset a discrete arc (usually the most equatorward visible arc) in 557.7
nm green line emissions (produced by hard electrons with energy > 1 keV) with a

thickness of tens of kilometers brightens up for several minutes from within a 1° to



2° wide latitude region of the intense proton emission located near the equatorward edge
of the diffuse electron emissions before it forms a vortex and expands poleward, a process
called breakup [Samson et al., 1992a; Voronkov et al., 2003]. This feature is clearly
shown in the optical images at t2 and t4 in plate (b) of Figure 1. Also, the “breakup” arc
usually lies equatorward of the ionospheric convection reversal in the north-south electric
field known as the Harang discontinuity. The “breakup” arc can be as much as 5° — 6°
equatorward of the polar cap boundary, which suggests that the breakup arc is situated
on stretched but dipole-like field lines that cross the equatorial plane close to the Earth,
possibly between 6 and 12 Rg.

Although the growth phase features such as the equatorward expansion of the polar
cap region, thinning of the plasma sheet, and motion of the inner portion of the cross-tail
current toward the Earth are very common features of the substorm growth phase, they
are not always observed, in particular for weaker substorms, and thus are probably not the
necessary conditions for the triggering of a substorm intensification. However, one of the
few predictable features of the substorm growth phase is the formation and brightening
of a discrete arc and its breakup within the region of intense proton precipitation, which

poses as the most critical test of a successful substorm model.

2.2. Substorm Onset

The substorm onset is an extremely fast and apparently local process characterized
both in the magnetosphere and the ionosphere by significantly morphological changes
that occur on time scales of tens of seconds [e.g., Takahashi et al., 1987b; Samson et al.,
1992a]. Based on coordinated observations of AMPTE/CCE and GOES satellites, the
substorm onsets are found to be initiated in a localized equatorial region of about 1 Rg
wide in the cross-tail current sheet in the near-Earth plasma sheet between X ~ —6 to
—10Rg around midnight [e.g., Ohtani et al., 1991]. At the onset location the magnetic

field is marked by the initiation of large amplitude (as large as the background field)



magnetic field fluctuations with wave periods of ~ 60 seconds (in the Pi 2 frequency
range) and shorter (15 seconds and below) [Takahashi et al., 1987a]. A more careful
analysis of the magnetic field data based on AMPTE/CCE observations shows that a
low frequency instability in the Pi 2 frequency range is excited at the near-Earth plasma
sheet onset location at about 2 minutes before substorm onset [Cheng and Lui, 1998a,
1998b]. The instability occurs when the plasma pressure becomes isotropic and the
equtorial plasma (3 increases abruptly to > 50 from ~ 20 in about 3 minutes near the
end of the growth phase [Lui et al., 1992]. The instability grows exponentially to a large
amplitude with §B/B > 0.3 at the substorm onset, has v/w, ~ 0.2 and w,/w,; ~ 0.1,
and is explained in terms of a kinetic ballooning instability (KBI) [Cheng and Lui, 1998a,
1998b], where + is the instability growth rate and w, is the real frequency. Based on the
observation of AMPTE/CCE spacecraft, at the approach of substorm onset, there is an
explosive growth phase, which lasts ~ 30 seconds and is characterized by a large upsurge
in the duskward ion bulk drift to nearly the ion thermal velocity is found near the local
midnight sector [Ohtani et al., 1992]. The interaction of the KBI with ions can cause
enhanced duskward drift depending on the wave phase. The half wave period of the
instability before the current disruption onset corresponds to the explosive growth phase
and explains the brief enhancement of duskward ion drift [Cheng and Lui, 1998a, 1998b].

At onset the ionospheric signature shows that the breakup arc (typically the most
equatorward visible arc) becomes azimuthally structured and forms vortices which grow
with a characteristic time of ~ 1 min. The brightest onset location is embedded in the
region of enhanced proton precipitation which maps to the inner edge of the plasma sheet
[Samson et al., 1992a; Voronkov et al., 2003]. Polar satellite observations also indicate
that auroral oval disturbances which lead to a large scale vortex formation appear at
the equatorward edge of the electron precipitation region which maps to an near-Earth
equatorial distance in the range of ~ 6 — 10Rg [Frank et al., 1998; Frank and Sigwarth,

2000]. Statistically the initial brightening spot is located in a wide region (bounded by
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roughly 55° —75° in magnetic latitude and 20 : 00— 02 : 00 MLT with stronger substorms
occurring at lower magnetic latitudes [Kamide, 1998]. The onset brightening spot is more
probable in the pre-midnight sector. The substorm onset location correlates well with
solar wind and is controlled by IMF B, and its polarization. In general, the onset location
is at higher latitude for less southward B,, and the substorm occurrence probability is
100% for southward B, with |B,| > 5nT.

Note that Pi 2 pulsations were also detected by the ground magnetometers near
the auroral breakup region suggesting that Pi 2 pulsations observed by satellites near the
substorm onset location in the near-Earth plasma sheet are the source of these pulsations.
Moreover, for weak substorms the substorm current wedge that followed the pseudo-
breakup was initially confined within the optical auroral breakup region. This further
supports that the origin of auroral breakup is in the near-Earth plasma sheet region.
Moreover, to link the ionospheric observations of auroral breakup emissions with the
equatorial observations of magnetic field fluctuations in the near-Earth plasma sheet, the
electrons must be accelerated by these fluctuations to an energy of greater than 1 keV.
Thus, a parallel electric field must accompany these fluctuations as they propagate to
the ionosphere. This dictates that these fluctuations are of non-MHD origin, and kinetic

physics is essential for understanding these fluctuations.

2.3. Substorm Expansion Phase

AMPTE/CCE observations show that at or immediately after substorm onset, higher
frequency (periods of ~ 3 — 15 seconds in the Pi 1 frequency range) waves/instabilities
are also observed at the onset location in the near-Earth plasma sheet region [ Takahashi
et al., 1987a; Lui et al., 1992]. The higher frequency waves/instabilities combine with
the low frequency fluctuations to form a strong turbulence with large magnetic field
fluctuations (0B/B > 0.5) through out the expansion phase. These higher frequency

waves/instabilities are thought to be due to the cross-field current instability (CCI)
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[Lui et al., 1991; Lui, 1996] driven by the large upsurge in the ion bulk drift, which
oscillates between the eastward and westward directions during the current disruption
phase. During the expansion phase the strong turbulence persists and the turbulent
region expands in all directions in the equatorial plane as close as the geosynchronous
orbit and as far as the mid-magnetotail region [e.g., Roux et al., 1991; Erickson et al.,
2000; Shiokawa et al., 2003]. The turbulence transport causes the plasma pressure
profile to relax quickly so that the cross-tail current density is reduced, a process called
current disruption, and the ambient magnetic field intensity can recover up to the pre-
growth phase level in the near-Earth plasma sheet region including the geosynchronous
orbit location and the plasma sheet magnetic field configuration recovers from a tail-
like geometry to a more dipole-like geometry. Moreover, the turbulence heats and
accelerates the plasma sheet particles as it expands. Other expansion phase signatures
include the energetic particle injection into the inner magnetosphere [Reeves et al., 1992;
Zaharia et al., 2000] and the propagation of the electromagnetic energy flux toward the
ionosphere [Maynard et al., 1996; Erickson et al., 2000]. In the mid-magnetotail region
numerous satellite observations mainly from Geotail show strong expansion phase activity
at distances of 20 — 30 Rg such as tailward and earthward bursty bulk flows, plasmoids
and dipolarization [e.g., Angelopoulos et al., 1992, 1994; Nagai et al., 1998; Baumjohann
et al., 1999; Miyashita et al., 2000; Ieda et al., 2001].

In the ionosphere, the intensification of the “breakup” arc (in 577.7 nm green line
emissions) is followed by the arc undulation [Murphree and Johnson, 1996] giving the
start of a large-scale vortex formation and its poleward expansion from the initial arc
position, but also spreading out equatorward as well as azimuthally. The optical breakup
occurs almost simultaneously with the explosive onset in tens of seconds of short period
but longer lasting pulsations and the beginning of dipolarization in the near-Earth plasma
sheet [Friedrich et al., 2001; Voronkov et al., 2003]. The westward traveling electrojet

associated with substorm current wedge are enhanced explosively poleward of the initial
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breakup region. Eventually the aurora is wrapped up into a cell-like (surge) structure. In
the meantime, both the auroral proton and electron precipitation (and auroral emissions)
move rapidly poleward on the order of a few minutes. The total auroral electrojet current
(I4) in substorms is correlated with the southward IMF B,. The auroral electrojet
location shifts equatorward as I, increases; from (10°A at 70° to 10°A at 65°) [e.g.,
Kamide, 1998].

Typically the substorm intensification region expands poleward in a few minutes
after the initial breakup to the poleward border of the 630.0 nm (red line) emissions
(or electron precipitation) as shown in the optical images between t2 and t3 as well
as after t5 in plate (c¢) of Figure 1. And, only after approximately 1-5 minutes, the
poleward border of the red line emissions begins to move poleward, possibly owing to the
expanding substorm intensification region. Because the poleward border of the red line
emission corresponds to the close-open field line boundary, the poleward movement of
the poleward border of the red line emissions is interpreted as the beginning of the lobe
flux reconnection. The observations suggest that the expansion phase onset occurs prior
to the reconnection of lobe field lines, which is perhaps influenced by the rapid spreading
of the current disruption region downtail toward the reconnection site [Friedrich et al.,

2001].

3. Magnetospheric Configurations During Substorm Growth
Phase

Understanding the plasma pressure, current density and magnetic field structures
in the magnetosphere and ionosphere in the growth phase is a critical issue that is
essential for a better understanding of the substorm onset mechanism and its subsequent
expansion. Of particular importance is to answer the questions of how a thin and

intensified cross-tail current current sheet is formed in the near-Earth plasma sheet region
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(~7-~13Rg) [e.g., Sergeev et al., 1990; Lui, 1993; Sanny et al., 1994], and how the
distribution of region-1 and region-2 ionospheric field-aligned (Birkeland) current changes
in relation to the proton and soft electron precipitation and optical emission patterns
le.g., Samson et al., 1992a; Voronkov et al., 1999]. The formation of current sheet in
the near-Earth plasma sheet region is closely related to the excitation mechanism of
the kinetic ballooning instability that initiates the substorm onset [e.g., Cheng and Lui,
1998a, 1998b).

The study of the growth phase magnetospheric structure with a current sheet in the
near-Earth plasma sheet region requires knowledge of 3D solutions. In particular, we
need to understand the structure of the current sheet in terms of location, thickness
in the north-south direction, magnetic local time and radial extents, peak cross-tail
current intensity, magnetic field intensity and curvature, plasma beta, etc. Moreover,
it is also important to know where the thin current sheet region maps to the ionosphere,
its location with respect to the Birkeland current distribution, and how it is related to
the onset location of the auroral substorm.

The large scale structure of the magnetosphere during the substorm growth phase
can be well approximated by quasi-static equilibrium solutions with the plasma pressure
gradient in force balance with the Lorentz force due to the cross product of the current
density and the magnetic field. During the substorm growth phase the large scale plasma
flow is quite steady and its flow energy is usually much smaller than the magnetic
energy and the plasma thermal energy. Therefore, during the substorm growth phase
the magnetosphere can be considered as a series of snap shots of quasi-static equilibria
that vary due to evolving plasma pressure profile and external solar wind and IMFs.

Recently, we have improved our 3D magnetospheric equilibrium modeling code,
MAG-3D [Cheng, 1995], for computing the magnetic field, currents, and plasma
distribution of quasi-static magnetospheric equilibrium states under different solar wind

conditions [Zaharia and Cheng, 2003; Zaharia et al., 2003]. In particular, we have



14

investigated the 3D growth phase magnetospheric structure with a thin and intensified
cross-tail current sheet in the near-Earth plasma sheet region and the corresponding
Birkeland current distribution in the ionosphere [Zaharia and Cheng, 2003]. The obtained
configuration for the substorm growth phase case shows a thin current sheet with a
westward current density ~ 10nA/m? and plasma beta above 50 in the near-Earth
plasma sheet region with a radial extent between X = —7Rp and X = —9Rpg, an
azimuthal extent between Y = —5 Rg and Y = 5 Rg, and a half-thickness ~ 1 Rg, in the
Z (north-south) direction measured at the peak current density location of X = —8 Rp
(from here on X, Y and Z are the usual GSM coordinates), consistent with observations
le.g., Sergeev et al., 1990; Lui, 1993; Sanny et al., 1994]. The magnetic field also forms a
local magnetic well in the current sheet region. The near-Earth cross-tail current sheet
thickness is in good agreement with observations [Sanny et al., 1994] showing the current
sheet being wider than 1 Rg throughout the growth phase.

In comparison with the quiet time magnetosphere, the growth phase configuration is
also characterized by the region-1 and region-2 Birkeland currents moving equatorward
(60° — 65°) with narrower latitude width, and being more intense (region-1 Jjimax ~
3uA/m?). If we interpret that the upward field-aligned current region corresponds to
the soft electron precipitation region, the equatorward movement and intensification
of the Birkeland currents with narrower latitude width is consistent with the auroral
observations of the equatorward movement, brightening and narrowing of the electron
and proton emissions.

Our results also show that the cross-tail current sheet region maps into the ionosphere
in the transition area between the region-1 and region-2 currents. As observed by
satellites substorms are initiated in the near-Earth plasma sheet region by a low frequency
instability, which was identified as kinetic ballooning instabilities [Cheng and Lui, 1998a,
1998b]. Our stability theory and calculations show that the kinetic ballooning instability

is expected to be unstable for field lines in the current sheet at the end of the growth
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phase, consistent with observations. Thus, the ionospheric region where the field lines in
the cross-tail current sheet are mapped to should be the auroral substorm onset location.
This is consistent with auroral substorm observations that the auroral breakup is initiated
within a 1° to 2° wide latitude region of the intense proton emission near the equatorward
edge of the intense soft electron precipitation region [Samson et al., 1992a]. Thus, the
study of the 3D growth phase magnetospheric structure with a thin current sheet in the
near-Earth plasma sheet region is critical in understanding the excitation mechanism
of kinetic ballooning instabilities that initiate the substorm onset [e.g., Cheng and Lui,
1998a, 1998b; Chen et al., 2003]. Although there have been several efforts to study these

questions, the answers have not been achieved until recently [Cheng and Zaharia, 2003b].

3.1. Previous Efforts in Modeling the Near-Earth Plasma Sheet Region with

Current Sheet

Previous studies of current sheet structure in the near-Earth plasma sheet region
were mostly performed by employing local measurements of magnetic field and plasma
from a single satellite orbiting in the vicinity of the equatorial plane [Sergeev et al., 1990;
Lui et al., 1992; Sergeev et al., 1993a; Lui, 1993; Pulkkinen et al., 1994; Sanny et al., 1994;
Sergeev et al., 1998; Pulkkinen et al., 1999; Kaufman et al., 2001, 2002; Kubyshkina et al.,
2002]. The observed magnetic fields were fitted with the 2D modified Harris current sheet
model or empirical 3D field models to estimate the current sheet structure information
such as the north-south thickness of the current sheet, the magnetic field curvature
at the center of the current sheet, and the current density distribution of the current
sheet. Unfortunately, the 2D modified Harris current sheet model or empirical 3D field
models might be unrealistic in modeling the magnetic field structure in the near-Earth
plasma sheet region during the substorm growth phase. This has been demonstrated
by our modeling results of 3D magnetospheric configuration during the growth phase

which show that the 3D current sheet structure in the near-Earth plasma sheet region
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is substantially different from the Tsyganenko T-96 model [ Tsyganenko and Stern, 1996]
under disturbed time conditions (see the discussion in Subsection 3.2 and the panels (b)
and (c) in Fig. 5) or the 2D modified Harris current sheet model.

With the assumption that the flow energy is much smaller than the magnetic field
energy or the plasma thermal energy, there have been several theoretical efforts trying
to explain the formation and structure of the thin current sheet. Most studies of the
thin current sheet [e.g., Hau, 1991; Wiegelmann and Schindler, 1995; Becker et al., 2001;
Birn and Schindler, 2002] investigated the currents in the tail region beyond 20 Rg,
and only a few modeling studies [e.g., Erickson, 1992; Lee et al., 1995] have looked at
the current sheets closer to Earth at X ~ —10Rg. However, these studies assumed
either 2-D axisymmetry or symmetry in the Y-direction, missing the formation of the
field-aligned currents (an intrinsic 3-D effect, as explained by Cheng [1995]). Most
studies consider the magnetospheric evolution during the growth phase to be dictated
by “adiabatic convection” [e.g., Wolf, 1983] whereby the entropy, related to the quantity
S = PV, is conserved (P is the pressure, V' the magnetic flux tube volume per unit
flux, V = [ds/B, with the integral performed along a magnetic field line; v = 5/3).
With entropy conservation constraints a very thin current sheet in the far tail can form
for example due to deformations of the magnetopause boundary [Birn and Schindler,
2002]. During the substorm growth phase there are observational indications in the
inner tail (X > —15Rg) [e.g., Borovsky et al., 1998] that the entropy conservation is
violated. Without entropy conservation, a process called entropy anti-diffusion has been
proposed [Lee et al., 1998] to explain thin current sheet formation in 2D with symmetry
in the Y-direction. The magnetospheric evolution in the model of Lee et al. [1998] is
however characterized by significant flows, a result not supported by observations during
the growth phase. It should be noted that these modeling efforts were performed in 2D

geometries.
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3.2. Modeling of 3D Magnetosphere with Current Sheet in the Near-Earth

Plasma Sheet Region

Recently, we have modeled quasi-static equilibrium magnetospheric states during
the substorm growth phase by employing MAG-3D, a 3D quasi-static magnetospheric
equilibrium code, which solves the 3D force-balance equation J x B=V P, + V- [(P| —
1D||)BB], where P is the perpendicular plasma pressure, P} is the parallel plasma pressure
and b is the unit vector along a magnetic field line, in a domain inside the boundaries
of magnetic flux surfaces [Cheng, 1995; Zaharia et al., 2003]. Instead of employing the
entropy evolution concept, the plasma pressure distributions in the equatorial plane such
as those based on observations are specified as an input to the MAG-3D code. We
have performed MAG-3D calculations with anisotropic pressure distributions. Recently,
by assuming an isotropic pressure with P = P, = P, we have investigated the
formation of thin current sheet in the near-Earth plasma sheet region during the substorm
growth phase and obtained 3D equilibria with a thin current sheet located at around
X = —8Rp [Zaharia and Cheng, 2003]. For comparison purpose we present below the
3D magnetospheric structures for both the quiet time state (an example is shown in
Figs. 3 and 4) and the state during the growth phase (an example is shown in Figs. 5
and 6).

An intrinsic feature of the three-dimensional magnetospheric structure is the
existence of Birkeland currents, which are field-aligned currents linking the Earth’s polar
ionosphere with more distant magnetospheric plasma. Observations [[ijima and Potemra,
1976a, 1976b] indicate that near Earth they flow in broad sheets, roughly aligned with
the aurora oval. Those sheets form two large current systems: region 1 entering on
the morning side of the polar cap and flowing out on the afternoon side and region 2
further equatorward but with opposite polarities. At noon and midnight the current
systems overlap in complicated ways, and during substorms region 1 on the nightside

is reinforced by a “substorm wedge,” which covers a limited sector in longitude. It is
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now generally believed that the region 2 currents originate from the closed field line
region where the plasma convective flow is slow in comparison with the thermal speeds.
The sources of the region 1 currents are still being debated. In our 3D study we found
that the sources of the region 1 currents also originate from the closed field line regions
in the plasma sheet. The distribution of Birkeland currents depends critically on the
equatorial pressure distribution and our results are consistent with direct observations of
the Birkeland current distribution for the quiet times and particle precipitation pattern

during the substorm growth phase.

3.2.1. 3D Magnetospheric Equilibrium Equations and Current System

If the plasma convection is small, the quasi-static magnetospheric equilibrium with
isotropic pressure is described in the rationalized EMU unit by the system of equations:
JxB=VP, VxB=1UJ,and V-B = 0, where P is the plasma pressure and b is
the unit vector along a magnetic field line [Cheng, 1995; Zaharia et al., 2003]. Assuming
that the three-dimensional magnetospheric equilibrium has nested magnetic surfaces and
has no toroidal flux, the magnetic field can be expressed in a straight field line (¢, «, x)
flux coordinate (shown in Figure 2) as B = Vi x Va, where the Euler potential
is the magnetic flux function, the Euler potential @ = ¢ — §(¢, o, x) is an angle-like
function, x is a generalized poloidal angle, ¢ is the toroidal angle in the cylindrical
(R, ¢, Z) coordinate, and (v, «, x) is periodic in both ¢ and y. Note that near the
Earth’s surface, a constant 1 surface corresponds to an L-shell of the dipole field, and
« corresponds to the longitudinal angle. The intersection of constant 1 and « surfaces
defines the magnetic field line. The Jacobian is given by J = (Vi x Va - V)™, The
flux coordinate system is in general not orthogonal, and V¢ - Vx # 0, V¢ - Va # 0,
and Va -V # 0. Within a magnetic surface the poloidal flux is [ d*zB-Vy /2 = 271).
Note that « is a cyclic function with a period of 27 for all constant 1 surfaces. This

property allows the general three-dimensional equilibrium equations to be reduced to
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quasi two-dimensional equations in the flux coordinate system, thus greatly simplifying
the computational complexity.

Because B - VP = 0, the pressure is constant along the field line and P = P(¢, o).
The B x V1 component of the force balance equation gives the current density in the
V1 direction,

39 =V (VE)Va -~ (Va- Vi) vy = -2 1)

which is a two-dimensional elliptic equation on each constant i surface. In the two-
dimensional axisymmetric limit, (1) is trivially satisfied by o = ¢. The V4 component
of the force balance equation gives the ring current and the generalized Grad-Shafranov
equation,

0P

J.-Va=V.[(Va-Vi§)Va— (Va)’Viy] = 90 (2)

which is a two-dimensional elliptic equation on each constant o surface. Note that in
general (1) and (2) are three-dimensional equations. However, by choosing the (¢, a, x)
coordinate system we have reduced the dimensionality of (1) and (2) to two dimensions.
Equations (1) and (2) form a coupled set of equations that determine a and v, and
can be solved by specifying a and ¢ on the computational boundary and P(1, a) or its
equatorial distribution.

From the charge neutrality condition, V - J = 0, the field-aligned current density

equation can be computed from

ﬂ)_meB~VP_VBQ><B~VP

B-V ( e = B , (3)
where J)y = J - b is the field-aligned current density, kK = b - Vb is the magnetic field
curvature, and b is a unit vector along a magnetic field line. J; can be obtained by
integrating (3) along the field line. The right hand sides of (3) represent the source
of the field-aligned current density which originates from the component of the particle

guiding-center V B and curvature drifts perpendicular to the pressure gradient direction.

In the axisymmetric limit, k X B is in the V¢ direction, the right hand side of (3) is
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zero, and hence J; = 0 everywhere.
Assuming that there is a north-south symmetry, the current density can be expressed

in the differential form [Grad, 1964; Heinemann and Pontius, Jr., 1990]
J=VV x VP, (4)

where V' is periodic in @ and satisfies the magnetic differential equation, B-VV = 1. In
the (¢, a, x) flux coordinate system dV = ds/B = Jdx = d*x/(dda), where ds is the
element of arc length along the magnetic field line. Thus, integrating along the field line
V has the physical meaning of the magnetic flux tube volume per unit flux area (dyda).
With north-south symmetry, J; = B - Vx = 0 at the equator, and the field-aligned
current density at the ionosphere can be expressed in terms of the equatorial quantities

as [Vasyliunas, 1970; Birmingham, 1992]
Jii/Bi = B.-V.V(¥,a,e,i) x V.P/B? +
(JB-Vx x VP);/B, (5)

where V (¢, a,e,1) = f;‘; Jdyx, the subscripts e and ¢ denote that the quantities are
evaluated at the equator and the ionosphere, respectively. Note that with east-west
symmetry, J| is zero in the noon-midnight meridian plane. As pointed out by Birmingham
[1992] the second term is missing in the expression given by Vasyliunas [1970], and it is
much smaller than the first term by a factor of L=%, where L is the equatorial distance
of the field line.

From (4) we have JJ - Vx = (9V/0y)(0P/0«a) — (0P/0v)(0V/Oa). Because P
and V are periodic in «, [Z"daJJ - Vy = 0. Therefore, I, = (1/27) [ d®zJ - Vx = 0,
and there is no net poloidal current across a constant y surface such as the planetary

ionosphere.



21

3.2.2. Numerical Method foe Solving 3D Magnetospheric Equilibrium

Equations

Equations (1) and (2) can be cast into inverse equilibrium equations in terms of
a (¢, a, x) flux coordinate system [Cheng, 1992]. A three-dimensional magnetospheric
equilibrium code, the MAG-3D code, has been developed to solve the coupled nonlinear
inverse equilibrium equations [Cheng, 1995; Zaharia et al., 2003]. The choice of ds/dx =
JB = F(i,a) gives an equal arc length coordinate system. The numerical grid is tied
to the equilibrium solution in such a way that grid points automatically accumulate in
regions of steep gradients, thus yielding accurate solutions of high-3., magnetospheric
equilibria. An iterative metric method is used to solve for the discrete rectangular
coordinate [x(v, v, x), y(¢, a, X), 2(¥, v, x)] of constant ¢ and « surfaces such that the
finite-differenced inverse equilibrium equations based on these points are satisfied to a
small tolerance.

We consider a fixed boundary problem with the computational domain bounded by:
(a) an outer ¥ = 1oy flux boundary with its shape specified to take into account the
effects of the solar wind and the interplanetary magnetic field; (b) an inner ¢ = ¥y,
boundary determined by the dipole magnetic field; and (c) the Earth’s surfaces between
Yin and Yoy surfaces. The boundary condition on the Earth’s surface is @ = ¢. In the
computational domain, a (p, ¢, x) flux coordinate is chosen with 0 < xy <7, 0 < { < 27,
and 0 < p < 1, where 1) = 9(p) and o = «(() are chosen such that uniform p and zeta
grids give optimal equatorial radial and azimuthah grids for the computational purpose.
The magnetic field is normalized by the equatorial dipole magnetic field intensity Bp at
R = R,. The magnetic flux is chosen to be o = —B DRi /Rimax at the outer magnetic
surface and v, = —Bp R/ Ry at the inner magnetic surface. The boundary v surfaces,
¥ = Pout and 1 = 1y, delimiting the computational domain have specified shapes,
usually obtained from empirical models such as T96 [Tsyganenko and Stern, 1996] for

various solar wind and IMF conditions. The equatorial plasma pressure distribution will
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be specified by using the empirical observations for the quiet time case [Lui and Hamilton,
1992; Spence and Kivelson, 1993; Lui et al., 1994] with modifications including azimuthal
variation. For the growth phase case, due to very limited observations, the equatorial
plasma pressure distribution will be modeled by adding pressure over the quiet time
distribution to simulate the observed pressure enhancement in the plasma sheet [Lui

et al., 1987; Kistler et al., 1992].

3.2.3. Modeling Results of the Quiet Time Magnetosphere

For the quiet-time case we use the inner and outer boundary shapes for 1 obtained
by field-line tracing using the T96 model, with parameters Dst = —5nT, Psw = 2.1nPa,
Bywr = 0 and B,vr = 1nT, representing average quiet-time parameters as obtained
from the OMNI solar wind database. For the equatorial pressure P distribution we choose

the following form in the equatorial plane:

¢ [l

P(R,$,Z = 0) = 89¢~%F | A + B~ ('57) ] +8.9R153 [C +De (=) (6)

where R, ¢, Z define the usual cylindrical coordinate system with Earth as the origin and
¢ = m at midnight, while A, B,C, D and A¢ are constants. We choose A = B = 0.5,
C =2,D = —1and A¢ = 0.57, such that for ¢ = 7w Eq. (6) recovers the Spence-Kivelson
empirical formula [Spence and Kivelson, 1993], which is based on observations at midnight
as shown in the top panel of Fig. 3(a). At the same time, since the first term on